We have isolated temperature-sensitive mutants of SV4 o in the lytic system by mutating the virus with nitrous acid or hydroxylamine, and characterized t I of them. Nine mutants were grouped into two complementation classes in the productive infection of CV-I cells. The first group contains a single mutant, which was defective in synthesizing virus DNA at the restrictive temperature, but induced the synthesis of cellular DNA. The mutants of the second class produced normal amounts of virus DNA and V-antigen at the restrictive temperature. A naturallyoccurring large plaque strain belonged to this group. Both groups retained the transforming ability at the restrictive temperature. Two mutants showed no complementation with either group. One of them had the characters of the first group. The other mutant did not show temperature-sensitivity when the growth was initiated by infection with its DNA. This mutant did not transform 3T3 cells even at the permissive temperature. Rabbit kidney cells, however, were transformed by this mutant effectively at the permissive temperature but less at the restrictive.
INTRODUCTION
Temperature-sensitive mutants of oncogenic viruses have been isolated and studied with hope to identify virus genes responsible for oncogenesis. Studies with polyoma virus have detected four genes by complementation analysis (Di Mayorca et aL I969; Eckhart, I969), one of which, ts-a gene, is required for establishment of stable transformation (Fried, 1965 b) . BHK cells transformed at the permissive temperature by another unclassified mutant, ts-3, have been shown to revert, at least partly, at the restrictive temperature (Dulbecco & Eckhart, 197o) . Mutants of different type, host range mutants, have been obtained which do not transform the competent cells (Benjamin, I97O) .
Such genetic studies have also been tried with SV4o. So far, one gene involved in a function at the early stage of infection (Tegtmeyer & Ozer, 1971) and two genes in the late functions (Kimura & Dulbecco, I972) have been detected. The mutants affected at this early gene have been reported to be deficient in the transforming ability at the restrictive temperature (Tegtmeyer, I972) .
We have also isolated and investigated temperature-sensitive mutants of SV4o. This communication describes properties of the mutants in the productive infection and in transformation.
Temperature-sensitive mutants of SV4o 229
with the virus growth medium and incubated at 40 °C. At the 65th h from the onset of virus inoculation, the whole cultures were harvested by freeze-thawing and pipetting, treated in a sonifier and immediately diluted. Plaque assay was carried out at 33 °C. Complementation levels were calculated as described in the Results section. Extraction and separation of virus and cellular DNA. The infected cells were lysed and the virus and cellular DNA were extracted and separated by the method of Hirt (1967) . The Hirt supernatant fluid served as the source of virus DNA and the pellet as the cellular. More than 9o ~ of [3H]-labelled cellular DNA of the mock-infected culture sedimented in the pellet and in a reconstruction experiment about 8o ~ of the [3H]-labelled virus DNA was found in the supernatant fraction.
Plaque assay of virus DNA. The virus DNA samples, obtained as above, were further extracted twice with phenol saturated with saline citrate (o. ~ 5 m-NaCl + o'o 15 M-sodium citrate), then twice with chloroform, and dialysed against Ca-and Mg-free phosphatebuffered saline at 4 °C. The samples were inoculated on to TC7 monolayers in the presence of DEAE-dextran according to McCutchen & Pagano (r968) .
Labelling and measurement of virus and cellular DNA. The confluent monolayer cultures (3 × 7 cm or 4 x Io cm) were maintained with MEM supplemented with glycine (o'7 mm). After 2 days the medium was removed and saved, and the cells were inoculated with virus samples diluted in this depleted medium (input multiplicity = 5 and 5o p.f.u.]cell). The cell controls received the same amount of the depleted medium. After I h of adsorption at 36 °C, the cultures were washed, covered with the depleted medium and incubated. DNA was labelled by adding [zI-I]-thymidine (o.25 or 7 #Ci/ml in the culture) at appropriate times. The virus and the cellular DNA were extracted and separated as indicated above.
Virus DNA synthesis was measured as follows: o-I ml of I:I mixture of the Hirt supernatant fluid from the duplicate cultures was layered on to 3 ml of CsC1 in o.oI M-tris, o-oI M-EDTA, pH 7"6 (p = I'5o) and centrifuged at 35ooo rev/min for 4"5 h in a Spinco SW 39 rotor. Fractions (2 drops each) were precipitated with 2 ml of 5 ~ trichloroacetic acid in the presence of carrier yeast RNA (3o #g). DNA was collected on millipore filters (HA o'45 #m), washed with 5 ~ trichloroacetic acid and then with ethanol, dried and the radioactivity was counted in a scintillation counter.
The incorporation of thymidine into cellular DNA was measured as described by Dulbecco & Johnson (I97o) . The Hirt pellets were extracted with 75 ~ ethanol and the precipitates were suspended in 2 ml of I N-NaOH. The suspensions were heated in boiling water for zo rain. A o-z ml sample was neutralized with o.z ml of i ~-HC1, precipitated with 4 ml of 5 ~ trichloroacetic acid and processed as above for measurement of radioactivity.
Transformation assay. Semi-confluent cultures of 3T3 or rabbit kidney cells were infected at appropriate input multiplicities. After adsorption for 3 h, they were trypsinized, replated at appropriate cell densities and incubated at 33 °C and 39"5 °C (3T3) or 40"5 °C (rabbit) (Todaro, I969) . During adsorption and other treatments each culture was held at the incubation temperature of assay. The cultures were fixed after I6 days at 39"5 °C and 40"5 °C, 23 days at 33 °C, stained and thick foci were counted. The transformation frequencies were proportional to the amounts of input virus within the range of input multiplicities in the present experiments. (Table I ) The plaquing efficiencies of the mutants, except 55z and 558, were greatly reduced at 4 ° °C (by factors of lo -4 or less). Mutant SSZ occasionally produced poorly defined pinpoint plaques at 40 °C which were not countable accurately, and 558 very small but well defined plaques with an efficiency of I/I 5 to I[2O. Various stocks of a given mutant had practically the same plating efficiency, which indicates that the mutants are genetically stable. In all of the mutants the growth was normal at 33 °C, the yield at this permissive temperature being comparable with that of wild type. The mutants with very low plating efficiencies showed almost negligible growth at 40 °C but 55z and 558 had yield levels after one growth cycle which were I/2O to I/4O of those at the permissive temperature (Table 3) .
RESULTS

Efficiency of plaque formation
Synthesis ofT-and V-antigens (Table I)
By fluorescent antibody technique both T-and V-antigens were detected in the same proportion of cells at the restrictive as at the permissive temperature with any mutant except 558. These results indicate that the growth of these mutants is blocked at stages subsequent to uncoating of the virus. With 558 the proportion of T-antigen or V-antigen positive cells at 40 °C was about I ]2o of that at 33 °C. This reduction parallels the reduction in plaque formation of this mutant at the restrictive temperature.
Infection with DNA of 558
The results of fluorescent antibody test described above, indicate that the growth of this mutant is blocked at an early stage before T-antigen formation. The adsorption to the cells is not defective, because in the fluorescent antibody assay, the cultures allowed to adsorb the virus at 4I °C followed by washing, showed the reduction in T-antigen positive cells only when subsequently incubated at the restrictive temperature, but not when incubated at the permissive. But the protein moiety of the virus particle may be structurally affected and such alteration may inhibit the initiation of virus functions. To examine such possible defectiveness, we assayed the infectivity of DNA isolated from this mutant, with the adsorption time of only 5 rain to make sure that the very early function developed after the cultures were incubated. The mature virus of this mutant produces sufficiently clear plaques at 4o °C, but they were minute and reduced in number, as seen from Table I . On the other hand, the infection with DNA produced the same number of plaques, which were well defined and very small, like those produced by the mature virus infection, at 4o °C as at 33 °C. The result indicates that 558 is affected in a function prerequisite to development of infectivity. (Table 2) Preliminary experiments indicated that mixed infection with input multiplicities of 2o + 2o or x o + I O gave better complementation than with input multiplicities of 5 + 5. An input multiplicity of 2o + 2o was, therefore, adopted in complementation tests.
Complementation in productive infection
Mixed infections in the same condition as described in the Methods section but incubated at 33 °C for I IO h gave the same yields as those of the parallel single infections. Therefore, complementation level between mutants A and B was simply assessed by comparing the yields of 4o °C growth: yield of (A + B) ½(yield of A + yield of B)"
The ratio of the yield of culture with an input multiplicity of 4o p.f.u./cell to that with an input multiplicity of 2o p.f.u.]cell at 4o °C, as examined with 552, 558, 56o and 562, was I "5 to 2. (Table 3 presents a case with 55x included in the complementation tests). Therefore, the complementation levels defined above should be about I for non-complementing, noninterfering pairs. Values equal to or beyond 8 were considered to indicate significant degrees of complementation.
On the basis of this criterion the mutants fell into two complementation groups. included to show multiplicity dependence of the the mutants (5Io, 55o, 555, 556, 557, 559, 560, 562 and 563) complemented 55z but did not show any complementation among them. Mutant 5M is referred to as class I, and the other group as class II. Though the complementation levels between the two groups are rather low, the existence of these two groups is certain, as such degrees of complementation were reproducibly obtained. The yield of single infection with 55I was about 114o that of 33 °C growth (normalized to wild type), as seen from Table 3 , and this implies that high degrees of complementation would not be obtained. Mutants 554 and 558 did not complement any mutant. The results with 558 are consistent with the notion that this mutant is blocked before virus genome functions.
Virus DNA synthesis Table 4 shows the yields of infectious DNA by the mutants at the end of one-cycle growth at both temperatures. Monolayers were infected with mutants at input multiplicities of o.I to o.2 p.f.u./cell. The cultures were held at 40 °C for 2 h to allow for adsorption, washed, then covered with the medium containing sufficient anti-SV4o rabbit serum to prevent secondary infection. After 64 h at 40 °C or I IO h at 33 °C from the onset of infection the medium was decanted, the monolayers were washed and lysed to extract DNA as described. This treatment allows measurement of nearly all the virus DNA, because most of mature virus is retained in the cells when they are not disrupted by ultrasonic vibration. As seen from the Table, 55z and 554 were found to be partially defective in virus DNA replication at 40 °C. Mutant 558 produced a reduced amount of infectious DNA, as expected. The mutants of the class II were not defective in producing virus DNA.
The reduced synthesis of virus DNA-sized polynucleotides was confirmed by labelling the DNA with [3H]-thymidine followed by velocity sedimentation (Fig. I) . In this experiment, the multiplicity of the input virus was raised to 5 p.f.u./cell, and antiserum was not added, but the labelling was carried out at an earlier period (43 to 52 h at 4o °C, 74 to 89 h at 33 °C), Induction of cellular DNA synthesis by 55z and 554 (Table 5 ) We have examined this character at early stages of virus growth, to minimize the possible contribution by the replicated virus DNA. At later stages the levels induced by these mutants might be lower than those by wild type, owing to the reduction in number of the replicated virus DNA.
The induction at 40 °C by wild type Sd became more prominent with the progress of time (Table 5 , values in parentheses). The induced levels (at 4o °C) by the two mutants remained the same during these periods, but the levels were significantly higher than those in the mock-infected cells, and the values for 19 to 23"5 h period did not show temperaturesensitivity of the induction (compare the values in the parentheses for mutants and Sd in Table 5 ). The measurement of the supernatant fractions suggested that DNA of Sd, but not of the mutants, replicated significantly during these periods at 4o °C (not presented in the Table) . The results would be best interpreted as follows: the two mutants induce the cellular DNA synthesis at the restrictive temperature; as the induction is directed also by the replicated virus DNA, the induction level increases with time in Sd-infected cells, whereas the increment is very small in the mutant-infected cells at 4o °C. Table 6) Mutants 55z and 554 transformed 3T3 and rabbit cells at restrictive temperatures as efficiently as at the permissive. Two representatives of late function mutants, 560 and 562, both of which belong to complementation class II, also transformed 3T3 cells at both temperatures. The transformation by 558 was markedly inhibited even at the permissive temperature in 3T3 cells, but this inhibition was not observed in rabbit kidney cells which were effectively transformed at 33 °C but deficiently at 4o-5 °C. 
Transformation (
DISCUSSION
The complementation test revealed two cistrons. One is related to an early function, as the single member (550 of class I was shown to be reduced in ability to produce virus DNA at the restrictive temperature. The possibility remains, however, that this mutant is affected at a gene which, when unaffected, protects the synthesized virus DNA from being degraded and is not required for the virus DNA replication. The function of this mutant to induce cellular DNA synthesis was not affected. Nine mutants were grouped in the other complementation class. Mutants of this class produce a normal amount of virus DNA and V-antigen at the restrictive temperature. V-antigen synthesis was also detected in 55z-infected cells. Presumably this, as well as infectious virus production at a reduced level, will be a result from incomplete suppression of virus DNA synthesis. The amount of V-antigen produced might be reduced, but the fluorescence assay, being rather qualitative, did not detect the probable reduction. The possibility that recombinants contributed a significant portion of the observed complementation levels will be negligible, because the yields, after single cycle of growth at 4o °C, from complementing mixed infections amount to 2o to 3o ~ of that from wild type infection, as will be seen from Tables 2, 3 Tegtmeyer & Ozer (1971) have found two complementation groups. To one group belong mutants affected in late functions with and without production of V-antigen and virus particles. The other group has a mutant (ts A7) which lacks the ability to replicate virus DNA but retains the ability to induce the synthesis of cellular DNA at the restrictive temperature. In this respect 55~ is similar to 7, but these two mutants differ in transforming ability. Mutants of group A7 have been reported to be deficient in transforming 3T3 cells at the restrictive temperature (Tegtmeyer, I972) , whereas 55z transformed 3T3 and rabbit kidney cells. The relationship between these two mutants resembles that between ts-a and PI55 of polyoma virus, both of which are defective in virus DNA synthesis, but Pz55 transforms BHK cells at the restrictive temperature, while ts-a does not (Eckhart, 1969) . Kimura & Dulbecco (I972) have divided their temperature-sensitive mutants into two late function groups, one producing V-antigen and the other not, at the restrictive temperature.
Another mutant, 554, was partially defective in virus DNA synthesis and induced the synthesis of cellular DNA, just as 55z, at the restrictive temperature. The reduction in the virus DNA yield of this mutant is, however, not sufficient to explain the great reduction in the mature virus growth (Io -5, as shown in Table 3 ). This, together with the mutant's inability to complement, suggests that 554 may possibly be a double mutant.
T-antigen was detected in CV-1 cells infected with 55z and 554. Assuming that 55z and 554 were affected at a gene involved in T-antigen production, but that the defectiveness were incomplete, T-antigen would accumulate and be detected. To investigate the T-antigen production without being disturbed by virus DNA replication, 3T3 transformants were examined which were expected to contain only few copies of the SV4o genome per cell (Gelb, Kohne & Martin, I97 0. In cells transformed at 33 °C by these mutants, 3 clones each obtained within the range of a linear response to the input virus dose, T-antigen was evident both at 33 °C and 39"5 °C by fluorescent antibody assays. The result suggests that 55z and 554 genomes are capable of producing a normal amount of immunologically active Tantigen, whether it be functional or not.
The mutant 558 is affected in the protein part of the virus particle, for the growth of this mutant was not temperature-sensitive when initiated by infection with its DNA. This character is similar to that of ts*zoz (Robb & Martin, I972 ) . Mutant IoI has been reported not to transform Balb/3T3 cells efficiently, even at the permissive temperature, its transforming ability being temperature-independent (Robb, Smith & Scher, 1972 a) . This was also the case with 558 in 3T3 cells, suggesting that this 'host restriction' is not the character confined to zoo" but common to this type of mutants. The restriction might be a specific character of 3T3, because rabbit kidney cells were effectively transformed by 558 at 33 °C but deficiently at 4o"5 °C, as will be presumed from the properties of this mutant in the lyric system.
